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T HE MAGNITUDE OF THE RISK OF breast cancer in carriers of mutations in BRCA1 or BRCA2 is critical for guiding decisions concerning cancer prevention options. Many previous studies have reported on the cumulative risk to various ages (penetrance) of breast cancer in carriers. The recent literature primarily has involved studies of breast cancer incidence in the relatives of probands identified without consideration of family history. This literature has included studies of self-selected volunteers, 1 but there appears to be some degree of consensus that the most reliable approach is to use populationbased ascertainment. [2] [3] [4] [5] [6] [7] [8] Most of this literature has been focused on the magnitude of the risk, with relatively little attention being paid to the degree by which risk may vary among carriers.
Population-based studies to date have used incident cases from existing casecontrol investigations as probands. Estimates of risk based on studies of in-cident cases are inevitably inflated if there exists risk variation among carriers caused by additional, possibly unknown, genetic variants that influence risk. [9] [10] [11] The thesis that substantial variation in the risk of breast cancer exists due to unknown genetic factors has become well established, 12 and this has been supported by statistical modeling of disease aggregation, 13 and theoretical models to explain the aggregation.
14 However, although there is little doubt that other genes influence the risk of breast cancer, such as relatively rare mutations in TP53, 15 and possibly CHEK2 16 and ATM, 17 as well as common low penetrance variants in genes that remain unidentified at this point, there is little direct evidence that variation in risk exists among BRCA1 and BRCA2 mutation carriers specifically.
In this article, we report the results of an investigation that provides direct evidence about risk variation among carriers. We use the information on lifetime risk of breast cancer in firstdegree relatives of breast cancer patients (probands) who were identified as BRCA1 or BRCA2 carriers in the Women's Environmental Cancer and Radiation Epidemiology (WECARE) Study, 18 a population-based case-control study. The WECARE Study is novel in that it involved recruitment of cases of asynchronous contralateral breast cancer and matched controls who had experienced a prior unilateral breast cancer. If there is no appreciable risk variation among BRCA1 or BRCA2 mutation carriers, then we would expect the risk estimates in relatives of carriers with contralateral breast cancer to be similar to the estimates from relatives of carriers with unilateral breast cancer. Likewise, evidence of risk variation may be demonstrated by significant differences in risk in groups of carrier families distinguished by any factors that are plausibly associated with risk, such as age at diagnosis of the proband.
METHODS
The WECARE Study is a populationbased, cancer registry-based, nested case-control study of contralateral breast cancer. Participant recruitment was completed in 2004. The design has been described in detail in a previous article, 18 but the essential features are as follows. Participants were identified and interviewed through 5 population-based cancer registries, 4 in the United States (covering Iowa, the Orange County and San Diego regions of California, Los Angeles County, California, and 3 counties in the Seattle, Washington area) and 1 covering all of Denmark.
All participants had a diagnosis of a first invasive breast cancer between January 1985 and December 2000. The cancer had to have occurred prior to the age of 55 years without evidence of spread beyond the regional lymph nodes at diagnosis. Individuals also had only breast cancer prior to the second primary cancer diagnosis for participants with contralateral breast cancer and to the corresponding matching date for unilateral breast cancer controls. Participants also had to be alive at the time of contact, able to complete the interview, and provide a blood sample. Participants were eligible if they had an in situ or invasive diagnosis of a contralateral breast cancer at least 1 year after the first primary breast cancer diagnosis, and if they resided in the same reporting area for both diagnoses.
Control participants were selected randomly from the pool of available breast cancer patients in the cohort after matching individually on the basis of year of birth (5-year strata), year of diagnosis (4-year strata), registry, and race. Controls also were countermatched in a ratio of 2 to each contralateral breast cancer case on the basis of whether or not they had received radiotherapy treatment as recorded in the cancer registry. 19 The study was reviewed and approved by local institutional review boards at each of these registry sites, and all biological samples and data were obtained after the participants provided informed consent.
Recruitment took place during the period from January 2000 to July 2004. A total of 998 women with contralateral breast cancer were eligible and were approached for inclusion in the study, and 708 of these women (71%) agreed to participate. Of the 2112 women who were selected as potential unilateral breast cancer participants, 1399 (66%) agreed to participate. The nonparticipants were similar to the participants with respect to age and calendar year of diagnosis and radiotherapy treatment of the initial primary breast cancer. Successful genotyping was accomplished in 704 participants with contralateral breast cancer and 1394 participants with unilateral breast cancer, and these 2098 individuals represent the probands for the analyses in this article.
All participants were interviewed by telephone using a structured questionnaire. They were questioned about the breast cancer incidence in each of their first-and second-degree relatives. For each relative, the interviewer ascertained the age at diagnosis of breast cancer, the vital status, and the dates of death (if relevant) of the relatives. For the purposes of this article, only the information on female first-degree relatives was used to restrict the analysis to relatives for which the data are most likely to have high accuracy.
20,21

Mutation Screening
Coding and flanking intronic regions were screened for mutations or polymorphic variants by denaturing high-performance liquid chromatography (DHPLC). BRCA1 (GenBank No. U14680) was covered by 30 PCR amplicons, while 41 amplicons were used for BRCA2 (GenBank No. NM_000059). The majority of fragments were run at more than 1 DHPLC elution temperature condition for increased sensitivity. A few fragments were screened by direct sequencing because of complex melting profiles unsuitable for DHPLC or because of the presence of multiple common variants and combinations thereof that made interpretation of chromatograms difficult. With the exception of the prevalent polymorphic variants (occurring in Ͼ10% of samples) with distinguishable chromatograms, all vari-ant DHPLC results (extra, shoulder, widened, or shifted peaks) were followed up by direct sequencing of the appropriate amplicons.
Three laboratories performed the screening using fixed sets of primers and DHPLCprotocols.Consistencyinscreening between and within laboratories was ensured via a laboratory quality-control plan including (1) blinded screening of an initial set of 21 positive controls by all laboratories; (2) initial screening of the same randomly selected 21 samples by all laboratories; (3) rescreening by 1 laboratory of a randomly selected 10% sample of all cases screened at each of the participating laboratories; and (4) blinded rescreeningofarandom10%sampleofeach laboratory's own sample by that same laboratory. 22 The analyses are focused exclusively on those sequence variants that are considered to have a deleterious effect based on current evidence. Specifically, the following sequence variant categories were classified as deleterious: (1) changes known or predicted to truncate protein production including all frameshift and nonsense variants with the exception of BRCA2 K3326X and other variants located 3Ј thereof; (2) splice site mutations occurring within 2 base pair of an intron/ exon boundary or shown to result in aberrant splicing; and (3) missense changes that have been demonstrated to have a deleterious effect on, for example, the function of the BRCA1 ring finger and BRCT domains. The classification of missense changes of unknown clinical significance is an ongoing challenge in the field and we recognize that a small portion of the numerous missense changes identified and scored as unclassified variants may actually be deleterious. Our approach to classifying mutations as deleterious is comparable with that used in the clinical care sector and it is compatible with classifications used by the Breast Cancer Information Core (http://research .nhgri.nih.gov/projects/bic/). No attempt was made to screen for larger genomic deletions or duplications. Thus, some deleterious mutations may have escaped detection due to technical reasons or location in a region not covered by the current methodological approach.
Statistical Analysis
All data analyses involve the incidence rates of breast cancer in the identified first-degree biological relatives of the probands (parents, full siblings, and children). These rates exclude the proband, although the analyses involve subgroups defined by characteristics of the proband. Person-years at risk of breast cancer were determined for each relative up to the age at diagnosis of breast cancer, if diagnosed, age at death, or current age at the time the proband was interviewed.
To examine risk variation among carriers on the basis of characteristics of the proband and to construct formal statistical tests for its presence, we conducted Poisson regression analyses of the incidences of breast cancer in family members of carrier probands. In these analyses, the periods at risk were grouped into 10-year age intervals and stratified on the basis of the relationship of the relative to the proband (mother, sister, daughter). Various characteristics of the proband, such as contralateral breast cancer vs unilateral breast cancer status, age at diagnosis, and geographic site of recruitment (United States vs Denmark), also were included as covariates.
The analyses also adjusted for the location of the individual mutation on the BRCA1 or BRCA2 genes. Mutations on BRCA1 were grouped into 3 regions: nucleotides 1 to 2400 (47 probands), nucleotides 2401 to 4184 (36 probands), and nucleotides 4185 and above (26 probands). The BRCA2 mutations were classified as within the ovarian cancer cluster region (22 probands with nucleotides 3059-6629) or not (50 probands). These classifications are consistent with the meta-analysis by Antoniou et al. 23 To account for residual variation in risk between carriers in these analyses, a random effect was included for each family in which the random effects were assumed to conform to a normal distribution. In this method, each family is assumed to have a distinct risk. The estimated variance of these random effects was then evaluated for departure from 0 to test for the presence of unexplained risk variation. This analysis was performed using Stata software version 7.0 (StataCorp, College Station, Texas).
The cumulative incidences of breast cancer to various ages in relatives of carriers and in relatives of noncarriers were calculated using the Kaplan-Meier method. The penetrance (imputed cumulative risk in a defined population of mutation carriers) was calculated by the kin-cohort method proposed by Chatterjee and Wacholder. 24 In our analyses, the penetrance was calculated in several populations defined by the observed risk factors. Conceptually, the method calculates the penetrance as double the rate observed in the first-degree relatives of carriers (because approximately half of these will be carriers), with an adjustment for the baseline incidence rate in relatives of noncarrier probands.
As an approximate benchmark for evaluating the estimated penetrance curves, a population cumulative incidence curve was constructed to reflect the population incidence of breast cancer. Reported age-specific rates from the Surveillance, Epidemiology, and End Results registries were used for this purpose, weighted to account for the calendar periods in which the individual relatives were at risk for breast cancer. For calendar periods prior to 1975, we have used the 1975 rates, which are the earliest rates reported in the Surveillance, Epidemiology, and End Results registries. Statistical tests were considered to be significant if the P value was less than .05. The crude familial aggregation that forms the basis for our analyses is displayed for descriptive purposes in TABLE 2. These frequencies do not reflect the varying numbers of relatives in each family and the ages of the relatives. The majority (75%) of the probands had no evidence of breast cancer in their first-degree relatives. This is true even for BRCA1 (58%) and BRCA2 (58%) carriers. Of the relatively few families that demonstrate very strong familial aggregation (Ն3 firstdegree female relatives in addition to the proband), 8 of 10 occurred in probands with contralateral breast cancer, and 3 of these 10 occurred in carriers.
RESULTS
Mutation
The results of our analyses of risk variation are presented in 28) . The magnitudes of the trends are replicated broadly in the separate analyses of BRCA1 and BRCA2 carriers. For the analysis involving BRCA1, there is no evidence that risk is affected by location of the mutation on the gene (P = .99), while for BRCA2, significantly higher breast cancer risks are evident for mutations outside of the ovarian cancer cluster region (P =.03). For BRCA1, sisters (P =.07) and daughters (P=.03) appear to be at a higher risk than mothers. There is no apparent difference in overall risk for BRCA1 vs BRCA2 mutations (OR, 1.1 [95% CI, 0.6-1.8]; data not shown). There is strong evidence of residual betweenfamily variation in risk, even after adjusting for contralateral breast cancer vs unilateral breast cancer status, proband age at diagnosis, and mutation location. This is evidenced by the statistically significant tests of residual between-family variation in all 3 analyses (P=.004 overall, P=.04 for BRCA1, and P =.03 for BRCA2).
The estimated cumulative risks of breast cancer are displayed in the FIGURE. The curves indicate that relatives of either BRCA1 or BRCA2 mutation carriers have a substantially greater risk than relatives of noncarriers, and The quantitative impact on the penetrance of the observed betweenfamily residual risk variation can be interpreted as follows. Table 4 shows that the average risk to age 70 years in a firstdegree relative of a unilateral breast cancer proband is 40%. Our randomeffects analysis demonstrates that the actual risks in individual carrier families may be much higher or much lower than this average value. In fact, assuming a constant risk of breast cancer from age 30 years to age 70 years in carriers, our random-effects variance of 0.90 (Table 3) implies that carriers in carrier families at the upper 95th percentile of the risk distribution have a risk to age 70 years of 92% rather than 40%, while carriers at the lower fifth percentile have risks similar to the population risk of breast cancer.
COMMENT
Our study is one of the largest individual population-based family studies to date to address the breast cancer risks in BRCA1 and BRCA2 carriers, comprising 181 carrier probands, with a total of 103 breast cancers reported in the 598 first-degree female relatives of these probands. We examined variation of risk between carrier families by determining whether distinct risk profiles can be identified when carrier families are sorted by observed characteristics of the probands. We observed a statistically significant trend of increasing risk with decreasing age at diagnosis of the proband (P = .04). Furthermore, there is strong evidence of residual variation in risk between carrier families due to unobserved risk fac- Abbreviations: CI, confidence interval; NA, data not estimable; OR, odds ratio. a All factors are characteristics of the probands, with the exception of mothers, sisters, and daughters, which are characteristics of the relatives in the analyses. b The frequencies and person-years of follow-up refer to the occurrences of breast cancer, and years at risk in the first-degree relatives of the 181 carrier probands in the study. All P values reported are likelihood ratio tests that examine the significance of the indicated factor in affecting risk, after adjusting for the other listed factors in a multivariate model. For diagnosis age and BRCA1 mutation location, linear trend tests were used. c Estimated variance of the between-family random effects. The magnitude of the estimated variance represents the variance of the distinct relative risks estimated for each of the families on a logarithmic scale.
tors on the basis of a statistically significant random-effects variance, even after accounting for observable proband characteristics (P=.004). We observe that risks in relatives of contralateral breast cancer probands are higher than risks in relatives of unilateral breast cancer probands (PϽ.001), although this comparison is not statistically significant when conducted solely in the carrier families (P = .28). These trends are consistent with the hypothesis that risks to BRCA1 or BRCA2 mutation carriers vary substantially due to the presence of additional unknown risk factors for breast cancer, which are more prevalent in the families of women diagnosed at a younger age, and in the families of women with contralateral breast cancer. These unknown factors, which could include variants in candidate genes such as ATM or CHEK2 or other unknown genes, may ultimately explain the strong familial clustering in the families exhibiting multiple cases of breast cancer, the preponderance of which are not linked to either BRCA1 or BRCA2 mutations.
Our results complement recent studies that examined risk variation in carriers on the basis of factors such as parity, [25] [26] [27] age at first live birth, [25] [26] [27] breastfeeding, 25 and mammographic density. 28 Although the results from those studies are not fully consistent, they suggest that the relative risks conferred by these risk factors in carriers may be similar to the relative risks in noncarriers. In a recent study, Chen and Parmigiani 29 have examined between-study heterogeneity of BRCA1 and BRCA2 risks, but we emphasize that our analyses address between-family risk variation. Our results underscore the conclusion that there is no single risk associated with BRCA1 or BRCA2 carrier status. On the contrary, risks for carriers vary substantially based on observable factors, such as the characteristics of the affected relatives (probands in our case) examined in this study, host factors such as the preceding ones, and other undetermined factors.
An alternative explanation for the observed risk variation is the possibility that individual variants in the BRCA1 and BRCA2 genes lead to substantially different breast cancer risks. 5, 30 In our study, we adjusted for potential within-gene effects of this nature by classifying the variants broadly using their position on the gene. We observed no trend for the location of BRCA1 mutations, but mutations in BRCA2 outside the ovarian cancer clus- ter region were shown to have substantially elevated breast cancer risk compared with mutations within it. However, our sensitivity for exploring variations at the level of the individual mutation is low due to the low frequencies of occurrence of individual variants.
Regardless of whether risk variation within BRCA1 and BRCA2 contributes meaningfully to the overall risk variation observed, it seems likely that other genetic factors play a major role. This conclusion is supported by a recent detailed review of studies that addressed this issue. 31 Also, recently published genome-wide association studies suggest elevated breast cancer risk at several candidate loci. 32, 33 Furthermore, the fact that the preponderance of familial clustering occurs in families in which the proband is not a BRCA1 or BRCA2 carrier, a phenomenon discussed in depth in an earlier investigation by Cui and Hopper, 34 also points to the existence of unexplained risk variation in the entire sample. It is also possible that some of the risk variation is due to environmental or lifestyle factors that aggregate in families, such as age at first birth, and that also act as modifiers of risk in carriers, although a genetic explanation is more plausible. 35 The overall penetrance estimates for BRCA1 or BRCA2 mutation carriers from our study are consistent with the literature on this topic from other population-based studies, but are at the low end of a very broad range that has been reported. The most comprehensive study of this type is the pooled analysis of 22 studies by Antoniou et al. 23 These authors derive a risk to age 70 years of 65% in BRCA1 carriers and 45% in BRCA2 carriers. Their analysis included hospital-based as well as population-based studies, many of which used probands with early onset breast cancer (similar to our study), and some with ovarian cancer or male breast cancer probands.
Although our study is populationbased, the sampling of probands was unusual, and this could affect the results through unforeseen selection effects. Probands were selected if they were alive and eligible during the recruitment period between 2000 and 2004, if they had a diagnosis of breast cancer from 1985 onward (2 diagnoses for contralateral breast cancer probands), and if they had no prior cancer other than breast cancer. This corresponds to a single ascertainment family-based design, 36 and it could lead to overestimates of risk if families were inadvertently ascertained twice. We attempted to compare, in an algorithmic fashion, the family information of all pairs of probands, but this search revealed only 1 pair of sisters among the probands, confirmed on follow-up. Thus, we believe that double counting of members is not a concern requiring statistical adjustment. 37 The ascertainment of probands who have survived sufficiently long to be eligible for the study could lead to a selection bias if some of the heritable factors affecting cancer risk also affect prognosis, but we have no way to test this assumption. Our recruitment of women with a relatively young age at diagnosis is likely to have led to generally higher risk estimates from their relatives than would be expected in a study involving women of unrestricted age at diagnosis. Interestingly, we observed a significantly higher risk in sisters of probands than in mothers. There is no obvious explanation for this finding, although it is consistent with a previous meta-analysis. 38 This trend also was observed when we analyzed noncarrier probands (data not shown). Finally, our analysis is based on first-degree relatives, and so information on risk factors of these relatives is unavailable, except for age.
Our results imply that the risk of breast cancer in carriers who might be identified at random in the population without evidence of familial breast cancer may be even lower than the 40% at age 70 years that we estimate from families of probands with unilateral breast cancer. It is reasonable to infer that the reduction in risk from the estimates in contralateral breast cancer probands to the estimates in unilateral breast cancer probands may be mirrored in a corresponding reduction if we were able to measure risk in carriers identified from unselected population disease-free controls. Although population-based screening for these mutations is not recommended at this time, it is possible that in the future, as technology advances and genotyping costs are reduced, widespread genetic screening for important risk factors for breast cancer and other diseases may become routine, and will likely serve as the foundation for tailored risk reduction interventions. For this reason, accurate estimation of the risks conferred in the population and identification of important sources of variation in these risks constitute important scientific goals with significant implications for the clinical management of female carriers of BRCA1 or BRCA2 mutations.
